Recent animal studies have demonstrated that many trigeminal ganglion neurons co-express TRPV1 and TRPA1 receptors following peripheral inflammation. In the present study, we examined whether cold receptors were sensitized by capsaicin in awake monkeys. Two monkeys were trained to detect a change in cold stimulus temperature (30°C to 0.5, 1.0, 1.5 or 2.0°C) applied to the facial skin. A total of 589 trials were studied, and the number of escape and hold-through trials and detection latency were measured. The number of escape trials was increased after capsaicin treatment, whereas that of hold-through trials was decreased. Detection latency was significantly decreased after capsaicin treatment. The present findings suggest that topical application of capsaicin to the facial skin induces reversible hypersensitivity to a facial cold stimulus in behaving monkeys. (J. Oral Sci. 50, [175][176][177][178][179] 2008) 
Introduction
It has been reported that administration of capsaicin induces hyperexcitability of C-and/or Aδ-fibers (1, 2) . Capsaicin is known to specifically excite C-and smalldiameter Aδ-fibers in the periphery (2) . Capsaicin binds to vanilloid receptors such as TRPV1, thus generating receptor potentials, resulting in action potentials. It has also been reported that topical application of capsaicin to the skin produces reversible sensitization of C-and smalldiameter Aδ-fibers in humans (2) . Therefore, capsaicin treatment of the skin is considered to be a good procedure for studying the underlying mechanisms of peripheral sensitization without the need for any tissue damage.
A study using monkeys has also shown that topical application of capsaicin to the facial skin causes dermal flare formation and increases skin heat sensitivity (3) . Recently, it has been shown that a high proportion of trigeminal ganglion (TG) neurons express TRPV1 and TRPA1 receptors, and that some also express TRPM8 receptors (4) . These data suggest that TRP receptor
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Hiroshi Kamo 1) , Kuniya Honda 1) , Junichi Kitagawa 2, 6) , Yoshiyuki Tsuboi 2, 6) , Masahiro Kondo 2, 6) , Masato Taira 3) , Akiko Yamashita 4) , Narumi Katsuyama 4) , Yuji Masuda 5) , Takafumi Kato 5) and Koichi Iwata sensitization sensitizes cold receptors as well as heat receptors, as TG neurons co-express both. However, it is still unclear whether capsaicin sensitizes cold receptors. Therefore, we examined whether topical application of capsaicin to the face in behaving monkeys would increase cold sensation, and also how sensitized TRPV1 receptors are involved in cold sensitization, using a behavioral approach.
Materials and Methods
This study was approved by the Animal Experimentation Committee of Nihon University School of Dentistry. All surgery and animal care were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Guidelines for Institutional Animal Care, and the Guidelines of the International Association for the Study of Pain (5).
Animal preparation
Two 5-year-old Japanese macaque monkeys (Macaca fuscata) weighing 5.4 and 6.2 kg were used for the present study.
The monkeys were anesthetized initially with ketamine hydrochloride (10 mg/kg, i.m.). Anesthesia was subsequently maintained with a mixture of halothane (2-3 %), nitrous oxide (60 %) and oxygen. The monkeys were then placed in a stereotaxic frame. A head holder for chronic experiments was implanted on the head and stabilized using screws into the skull. During the surgery, body temperature was maintained at 37-38°C with a heating pad, and the heart rate was continually monitored by ECG recording. Expired CO 2 concentration was also monitored and maintained at a level of 3.0-4.0 %.
After the surgical procedure, the monkeys were routinely sedated with a small amount of ketamine (2-3 mg/kg, i.m.) and given penicillin (10,000 units/kg i.m.) and glucose-saline (40-50 ml of a 5 % glucose solution in 0.18 % NaCl, s.c.). In addition, the analgesic ketoprofen (5 mg/kg, i.m.) was administered daily after surgery for 3-4 days. Thereafter, the monkeys were tested daily until their ability to discriminate the change in intensity of the light illumination had been re-established. Then, the monkeys were trained for 2-3 months to perform two different types of detection task. . Two different detection tasks were used in the present study: cold (B) and light detection tasks (C). When the monkey pressed the button, cold or light was presented. From between 4 to 8 seconds after the initial button press, monkeys had to detect (indicated by a button release) the change in intensity of temperature or light illumination in order to obtain a reward.
Behavioral tasks
Before the start of training, water intake was restricted to 300 ml per day for 1 week. The training took place daily until a criterion performance had been attained, at which time initial surgery was performed. A schematic illustration of the behavioral tasks used in the present study is shown in Fig.1 . The behavioral task introduced in the present study had been previously developed and refined. A thermal probe was placed on the right facial skin, and the monkeys were seated quietly in a monkey chair for 2-3 h (Fig. 1A) . A red light was used as a signal to the monkey to press a button in order to initiate a trial. When the monkey pressed the button, three different types of tasks were presented randomly. The first task was the "cold detection task" (Fig. 1B) : The monkey pressed the button, and a cold stimulus (T1: 30°C) was presented to the facial skin. After a random period ranging from 4 to 8 s, the stimulus intensity (T2: 0.5°C, 1.0°C, 1.5°C or 2.0°C) decreased from the baseline stimulation level (T1). When monkeys detected the presentation of the T2 stimulus temperature within 3 s, they received 0.5 ml of orange juice as a reinforcer. The second task was the "light detection task" (Fig.1C): The monkey pressed the button and an illuminated light (V1: 2.0V indicated as the voltage applied to the bulb) was presented in the front of the panel. After a random period ranging from 4 to 8 s, the visual stimulus intensity increased (V2: 0.5V) above the baseline stimulation.
When monkeys showed more than 60 % correct responses in the cold detection task, capsaicin was administrated to the facial skin. Four-millimolar capsaicin (0.1 ml) was soaked into a cotton patch (8 × 8 mm) and placed on the facial skin. One hour after capsaicin treatment, the patch was removed and the thermal probe was replaced on the same facial skin. Then the stimulus detection session was run. The percentage of correct trials, percentage holdthrough trials in which the monkeys did not respond to the change in temperature (T2) or light (V2) intensity change during trials, percentage escape trials, and T2 or V2 detection latency were studied.
In all the tasks where cold was presented, the monkeys were able to stop the cold stimulation at any time by releasing the button (escape trial). However, if the release behavior came before the presentation of the T2 or V2 stimulus presentation, no reward was given for that trial.
Results
The change in nocifensive behavior following cold stimulation of the face was studied in capsaicin-treated monkeys. A total of 414 cold and 175 light detection trials were studied in the behaving monkeys.
Change in correct, hold-through and escape performance Before capsaicin treatment, monkeys performed the cold detection task correctly in 63 % of the trials (Fig. 2A) . The percentage of correct trials increased to 71 % after capsaicin treatment (Fig. 2B) . On the other hand, the percentage of escapes increased from 18 % to 21 % after capsaicin treatment ( Fig. 2A and B) . We also calculated the percentage of hold-through trials. A hold-through trial was defined when monkeys were unable to detect the small change in temperature or light. Therefore, the holdthrough trials were considered trials where the monkeys failed to detect the T2 or V2 change. We observed a decrease in hold-through trials after capsaicin treatment (19 % to 8 %) ( Fig. 2A and B) . The percentage of correct trials was very high in light detection trials under normal conditions (before capsaicin, 98 %; after capsaicin, 90 %) as illustrated in Fig. 2C and D. Escape (before capsaicin, 1 %; after capsaicin, 8 %) and hold-though (before capsaicin, 1 %; after capsaicin, 2 %) trials increased after capsaicin treatment (Fig. 2C and D) .
Change in detection latency after capsaicin treatment
The frequency histograms of heat detection latencies are presented in Fig. 3 . Mean cold detection latencies were calculated from 414 trials. The cold detection latency differed at different T2 temperatures. Detection latencies were significantly shorter when the T2 temperature shift was smaller (before capsaicin treatment: T2 = 0.5°C, 1.6 ± 0.2 s; T2 = 1.0°C, 1.4 ± 0.2 s; T2 = 1.5°C, 0.8 ± 0.1 s; T2 = 2.0°C, 1.0 ± 0.1 s; n = 211 trials; after capsaicin treatment: T2 = 0.5°C, 1.6 ± 0.2 s; T2 = 1.0°C, 0.9 ± 0.1 s; T2 = 1.5°C, 0.7 ± 0.03 s; T2 = 2.0°C, 0.6 ± 0.05 s; n = 203 trials). We found no changes in light detection latency after capsaicin treatment. However, the occurrence of hold-through trials increased after capsaicin treatment during the light detection trials (before capsaicin, 1 %; after capsaicin, 8 %). Significant reductions of detection latency were observed at the 1.0 and 2.0°C T2 temperatures and a slight decrease was observed at the 1.5°C temperature shift, though there was a slight change in detection latency in the 0.5°C trials.
Discussion
We observed that topical administration of capsaicin to the face caused an increase in escape trials, reduction in the number of hold-through trials and an increase in correct trials, and also a significant reduction of detection latency during the cold detection task in monkeys. These data demonstrate that topical administration of capsaicin decreases the cold threshold and hypersensitivity to cold stimulation of the skin. Topical administration of capsaicin to the skin reduces the pain threshold to heat stimulation (6) . Capsaicin treatment also enhances extravasation in the capsaicin-treated area, resulting in flare formation in the skin (7) .
The capsaicin receptors, TRPV1 and TRPV2, are expressed in C-and Aδ-fiber terminals, and these fibers are activated by capsaicin administration (8) . These terminals showed an increase in excitability following topical application of capsaicin to the skin (7). It has been reported that in humans topical administration of capsaicin to the skin causes hypersensitivity to heat stimulation (3). The reduction of the heat threshold and hyperexcitability of C-and Aδ-fibers is thought to be involved in the sensitization of peripheral nociceptors. Peripheral sensitization is also thought to be involved in abnormal pain induction (9) . These data strongly suggest that topical administration of capsaicin to the skin sensitizes C-and Aδ-fiber terminals.
Recently, it has been reported that TRPV1 and TRPA1 receptors are co-expressed in a large proportion of trigeminal ganglion neurons (4). Also, primary afferent neurons bearing these two receptors are reportedly very common in the trigeminal system compared to the spinal cord. It has also been reported that cold pain threshold is reduced after peripheral inflammation in rats (10) . These results strongly suggest that the TRPV1 and TRPA1 receptors are not functionally identical for heat and cold Fig. 3 Detection latencies during the cold and light detection tasks. Hold-through trials were defined when monkeys held the button for over 3 s after T2 temperature or V2 light intensity change. *P < 0.05, **P < 0.01 perception.
Together with previous results, the present data suggest that the following two mechanisms may be involved in hyperexcitability to cold stimulation of the skin after capsaicin treatment: 1) C-and/or Aδ-fiber terminals that express TRPV1 and TRPA1 receptors are directly activated by capsaicin. 2) Peripheral inflammation is induced by capsaicin administration and TRPA1 receptors are activated by a variety of inflammatory "soups."
We also observed an increase in escape and hold-through trials after capsaicin treatment during the light detection task. A number of papers have reported that nociception and other modality sensations such as vision and audition have some interaction with each other (11) . It is likely that sensory interactions between cold and vision are involved in modulation of the light detection task.
Nocifensive behavior and noxious reflexes are frequently used in an interchangeable fashion. Our model is a very reliable measure of nocifensive behavior to cold stimulation, rather than a reflex to noxious stimulation. Therefore, the behaving monkey with reversible hypersensitivity induced by capsaicin is a strong tool for studying the neuronal mechanism underlying cold hyperalgesia or cold allodynia.
